Significance StatementHistone deacetylase 8 (*HDAC8*) is firstly identified as a novel gene tightly associated with enhanced proliferation and impaired osteogenic differentiation of bone marrow stromal cells (BMSCs) from fibrous dysplasia (FD). This research is focused on the role of the cAMP‐CREB1‐HDAC8 pathway in regulating biological characteristics of FD BMSCs. Moreover, *HDAC8* inhibition is evaluated to have significant therapeutic effects in experimental models of FD in vitro as well as in nude mice that are implanted with FD BMSCs. The results demonstrate an important link between *HDAC8* and the bone maturity of BMSCs and suggest that a specific HDAC8 inhibitor may be beneficial for FD therapy.

Introduction {#sct312404-sec-0002}
============

Fibrous dysplasia (FD), a non‐hereditary and benign bone disease, is characterized by the replacement of normal bone and marrow by a mixture of fibrous tissue and immature trabecular bone [1](#sct312404-bib-0001){ref-type="ref"}. FD in the craniofacial area can result in serious orofacial deformities, bone pain, dental disorders, and pathologic fractures [2](#sct312404-bib-0002){ref-type="ref"}, [3](#sct312404-bib-0003){ref-type="ref"}. Currently, the pathogenesis of FD remains unclear, and thus there is still no cure; treatment largely consists of osteoclastic suppressor related‐drugs and surgical intervention to reconstruct lesion sites [4](#sct312404-bib-0004){ref-type="ref"}, [5](#sct312404-bib-0005){ref-type="ref"}. According to recent studies, FD is considered to be a skeletal stem cell disease that evolves from somatic activating missense mutations in the guanine nucleotide‐binding protein alpha‐stimulating activity polypeptide (*GNAS*) gene of bone marrow stromal cells (BMSCs). The *GNAS* mutation results in the overproduction of cAMP and subsequent abnormal molecular and cellular responses [6](#sct312404-bib-0006){ref-type="ref"}, [7](#sct312404-bib-0007){ref-type="ref"}, [8](#sct312404-bib-0008){ref-type="ref"}.

With the excessive production of cAMP, phosphorylation of cAMP‐response element binding protein (CREB) is directly activated by cAMP‐dependent protein kinase (PKA), which promotes the transcription of downstream genes through CREB binding to the cAMP‐response element (CRE) in the promoter regions of related genes [9](#sct312404-bib-0009){ref-type="ref"}, [10](#sct312404-bib-0010){ref-type="ref"}, [11](#sct312404-bib-0011){ref-type="ref"}. Recent studies have shown that osteogenesis‐related transcription factors such as runt‐related transcription factor 2 (*RUNX2*) and special protein 7 (*SP7*) are mediated individually and are closely associated with the activation of transcription in response to cAMP, which leads to impaired osteogenic differentiation in FD lesions [2](#sct312404-bib-0002){ref-type="ref"}, [12](#sct312404-bib-0012){ref-type="ref"}. However, the detailed molecular and cellular mechanisms underlying the cAMP‐CREB signaling pathway regulation of osteoblast‐related transcription factors in FD remain largely unexplored.

Histone deacetylation (HDAC) is a key component in regulation of gene expression by mediating acetylation status of histones in promoters of genes. A plenty of evidence has indicated the negative regulation of HDACs in bone formation. HDAC1 downregulates the level of acetylation of histone in the promoters of osteoblast marker genes, including *SP7* and *BGLAP*, resulting in the inhibited osteogenesis of BMSCs [13](#sct312404-bib-0013){ref-type="ref"}. The inhibitor of HDAC2 enhances osteoblast differentiation through upregulating the expression of SPP1 and bone sialoprotein [14](#sct312404-bib-0014){ref-type="ref"}. HDAC3‐7 lead to impaired osteogenic potential by repressing *Runx2* transcriptional activity in a deacetylation‐dependent manner or binding with *RUNX2* protein in the HDACs interaction domain [15](#sct312404-bib-0015){ref-type="ref"}, [16](#sct312404-bib-0016){ref-type="ref"}, [17](#sct312404-bib-0017){ref-type="ref"}, [18](#sct312404-bib-0018){ref-type="ref"}, [19](#sct312404-bib-0019){ref-type="ref"}. Among these, *HDAC8* specifically controls craniofacial skeletal patterning by repressing a subset of transcription factors and *HDAC8* has been shown to regulate these genes via epigenetic DNA modification [20](#sct312404-bib-0020){ref-type="ref"}. Our previous study indicated that *HDAC8* functioned as a transcriptional repressor by regulating the level of acetylation of H3 at Lys9 (H3K9Ac) and by interacting with *RUNX2* during the osteogenesis of BMSCs [21](#sct312404-bib-0021){ref-type="ref"}. Based on these reports, we proposed that *HDAC8* may be related to the suppressive osteogenic potential of BMSCs in FD.

In addition, an increased proliferative ability that leads to fibrotic lesions in FD is the other main feature of FD BMSCs, resulting from the overproduction of cAMP [22](#sct312404-bib-0022){ref-type="ref"}. The inhibitory effects of increased cAMP on the expression of tumor protein 53 (*TP53*) and DNA damage‐induced apoptosis are dependent on HDAC activity [23](#sct312404-bib-0023){ref-type="ref"}. *HDAC8* knockdown results in the decreased proliferation via elevated *TP53* expression [24](#sct312404-bib-0024){ref-type="ref"}, [25](#sct312404-bib-0025){ref-type="ref"}. However, few studies have reported regulatory role for *HDAC8* related to *TP53* expression in BMSCs and *TP53*‐dependent apoptosis. Here, we investigated how cAMP and *HDAC8* regulate proliferation and apoptosis in FD BMSCs via *TP53*.

In present study, we aimed to explore the properties of FD BMSCs and to reveal that the high expression of *HDAC8* leads to increased proliferative ability, decreased apoptosis and impaired osteogenic differentiation potential of FD BMSCs due to its inhibition of *TP53* and *RUNX2*. We further unraveled the pivotal role of cAMP‐CREB1 pathway in the development and progression of FD by promoting *HDAC8* transcription. Our study demonstrates that the cAMP‐CREB1‐HDAC8 pathway is critically involved in the pathologic mechanism underlying craniofacial FD. These results suggest that therapeutic intervention targeting the cAMP‐CREB1‐HDAC8 axis might be beneficial for offering novel clues to the clinical treatment of FD.

Materials and Methods {#sct312404-sec-0003}
=====================

Patients and Samples {#sct312404-sec-0004}
--------------------

A total of 42 cases of craniofacial FD were retrieved from the Hospital of Stomatology affiliated with Nanjing Medical University, (Nanjing, Jiangsu, China) from 2005 to 2017. Formalin‐fixed, paraffin‐embedded tissues of the FD patients were obtained for mutational analysis. According to previous methods [26](#sct312404-bib-0026){ref-type="ref"}, all cases were re‐evaluated and confirmed by experienced professionals according to the current clinical, radiographic, and histopathological guidelines for FD.

Mutation Analysis {#sct312404-sec-0005}
-----------------

Genomic DNA from paraffin‐embedded tissues of the FD patients was extracted by a QIAamp DNA FFPE Tissue Kit (Qiagen, Duesseldorf, Hilden, Germany). An approximately 600 bp DNA sequence of *GNAS* (NCBI Gene ID 2778) was chosen as the target for allele‐specific PCR amplification. The following PCR primer sequences were used: wild‐type, 5‐GACCTGCTTCGCTGG\*CG‐3; R201H, 5‐GGACCTGCTTCG CTGG\*C (A)‐3; R201C, 5 ‐CAGGACCTGCTTCGCTC\*C(T)‐3 (where \* denotes internal mismatching and parentheses denotes the base transition); and reverse, 5 ‐TCTTGCTTGTTGAGGAACAG‐3. TaKaRa Taq Version 2.0 plus dye (TaKaRa, Shiga, Tokyo, Japan) was used for PCR amplification. Subsequently, the product was examined by agarose gel electrophoresis, and the sequencing was performed by General Biosystems (Chuzhou, Anhui, China).

Cell Culture {#sct312404-sec-0006}
------------

Under a protocol approved by the Ethics and Research Committee of Nanjing Medical University, fresh FD tissues were immediately obtained from bone lesions for primary cell culture after surgical removal. FD lesions of the jaw were obtained from three volunteer patients (patient 1, 31‐year‐old, male, maxilla, *GNAS* R201H; patient 2, 27‐year‐old, female, mandible, *GNAS* R201C; and patient 3, 12‐year‐old, male, maxilla and mandible, *GNAS* R201H). As a control, normal jaw was obtained from donors (20‐ to 25‐year‐old, a total of six cases of healthy donors) when they underwent impacted tooth extraction or dental implantation at our hospital. Informed consent was obtained before volunteers were enrolled in this study. Primary BMSCs were cultured in 25 cm^2^ plastic flasks with medium consisting of DMEM (Gibco, Grand Island, NY, USA), 100 U/ml penicillin and 100 μg/ml streptomycin, and 10% fetal bovine serum (ScienCell, Carlsbad, CA, USA) at 37°C maintained in 5% CO~2~. The medium was changed every 3 days until 80%--90% confluence was achieved. BMSCs from FD lesions and normal jaw were used in passages 3--5 throughout the experiments.

Detection of Apoptosis {#sct312404-sec-0007}
----------------------

A flow cytometry‐based apoptosis assay was performed using propidium iodide (PI)/Annexin V‐FITC or 7‐amino‐actinomycin D (7‐AAD)/Annexin V‐PE (Univ‐bio, Shanghai, China). Approximately 1 × 10^6^ cells were trypsinized and were resuspended in 500 μl of ×1 binding buffer. Subsequently, 5 μl of PI and 5 μl of Annexin V‐FITC were added. (7‐AAD and Annexin V‐PE were added to FD BMSCs transfected with LeV‐scramble/shHDAC8). The suspensions were incubated for 10 minutes at room temperature, and counts were taken with a FACSverse (BD, San Jose, CA, USA). Quadrant analysis of the data was performed using FlowJo 7.6.1. The assays were performed in triplicate and the results were presented as quantitative histogram. The bromodeoxyuridine (BrdU) assay was performed as previously described [27](#sct312404-bib-0027){ref-type="ref"}.

cAMP Extraction and Measurement {#sct312404-sec-0008}
-------------------------------

For measurement of intracellular levels of cAMP, the cells plated in 12‐well plates were incubated for 1 hour in serum‐free medium containing 1 mM 3‐isobutyl‐1‐methylxanthine (Sigma, St. Louis, MO, USA). Then, cAMP was extracted by 0.1 M HCl for 20 minutes and the lysate was immediately centrifuged at 1,000*g* for 10 minutes at 4°C. The supernatant was collected and used directly for measurement of cAMP level or stored at −80°C before measurement using a Cyclic AMP ELISA Kit (Cayman, Ann Arbor, MI, USA), according to the manufacturer\'s instructions. The assays were performed in in triplicate and the results were expressed as picomoles/milligram protein (pmoles/mg protein). The immunofluorescent staining assay was performed as we described previously [28](#sct312404-bib-0028){ref-type="ref"}.

Differentiation and Alizarin Red Staining {#sct312404-sec-0009}
-----------------------------------------

To achieve the osteogenic differentiation of FD BMSCs in vitro, cells were cultured in complete medium supplemented with 50 μM ascorbic acid (Sigma), 10 mM β‐glycerophosphate (Sigma), and 10^−7^ M dexamethasone (Sigma). The medium was changed every 3 days. The mineralization potential of BMSCs was assessed via Alizarin Red staining when cells were cultured with osteogenic medium for 14 days. For Alizarin Red staining, the cells were fixed in anhydrous alcohol for 30 minutes, followed by rinsing with double‐distilled H~2~O. Subsequently, cells were stained with 2% Alizarin Red S (pH 4.2) (Sigma) for 10 minutes. The deposition of calcium was identified under light microscope. Calcified nodules were eluted with 10% cetylpyridinium chloride and the absorbance at 562 nm was compared to calcium standards.

Lentiviral Transfection and RNA Interference {#sct312404-sec-0010}
--------------------------------------------

FD BMSCs were transfected with lentiviral vectors expressing the scramble shRNA (LeV‐scramble) or the *HDAC8* shRNA (LeV‐shHDAC8) in the presence of polybrene (8 mg/ml). The shHDAC8 sequences were: shHDAC8‐1: 5‐GCAAGTGTCTTAAG TACATCC‐3; shHDAC8‐2: 5‐GGATTTGGATCTGCACCATGG‐3; shHDAC8‐3: 5‐GGTCCCGGTTTATATCTATAG‐3 and scramble shHDAC8: 5‐TTCTCCGAACGTGT CACGT‐3. Small interfering RNA (siRNA) targeting CREB1 and scramble siRNA were purchased from GenePharma (Shanghai, China). The siRNA sequences were: siCREB1‐1: 5‐GCCACAGAUUGCCACAUUATT‐3, 5‐UAAUGUGGCA AUCUGUGGCTT‐3; siCREB1‐2: 5‐GCCAACUCCAAUUUACCAATT‐3, 5‐UUG GUAAAUUGGAGUUGGCTT‐3; siCREB1‐3: 5‐GCCUGCAAACAU UAACCAUTT‐3, 5‐AUGGUUAAUGUUUGCAGGCTT‐3; and scramble siRNA: 5‐UUCUCCGAACGUGUCACGUTT‐3, 5‐ACGUGACACGUUCGGAGAATT‐3.

Western Blot and Real‐Time PCR {#sct312404-sec-0011}
------------------------------

Western blot and real‐time PCR were performed as previously described [28](#sct312404-bib-0028){ref-type="ref"}. Briefly, cells were lysed, and the lysate was loaded onto 10% SDS‐PAGE and then transferred to PVDF membranes (Millipore, Billerica, MA, USA). The membranes were blocked in 5% fat‐free milk for 2 hours and subsequently incubated with different primary antibodies at 4°C overnight. Detailed information regarding the primary antibodies is listed in Supporting Information Table [S1](#sct312404-supitem-0004){ref-type="supplementary-material"}. Quantitative analysis of the Western blot was carried out using ImageJ software. Relative protein levels were quantified as the ratio of the level of target protein to the level of β‐actin, in each group. Total RNA from cultured cells was extracted using Trizol reagent (Vazyme, Nanjing, Jiangsu, China) according to the manufacturer\'s instructions. Quantitative real‐time PCR analyses were performed in triplicate using SYBR Green PCR Master Mix (TaKaRa), and reactions were detected using an Applied Biosystems 7300 Real‐time PCR system (Applied Biosystems, Gaithersburg, CA, USA). The primer sequences used for real‐time PCR are listed in Supporting Information Table [S2](#sct312404-supitem-0004){ref-type="supplementary-material"}.

Chromatin Immunoprecipitation {#sct312404-sec-0012}
-----------------------------

Chromatin immunoprecipitation (ChIP) analysis was carried out using EZ‐ChIP (Millipore) according to the manufacturer\'s protocol. Briefly, FD BMSCs were crosslinked with fresh 1% formaldehyde; subsequently, the cells were lysed in SDS buffer and sonicated to shear the DNA. Lysates diluted with ChIP dilution buffer were immunoprecipitated with anti‐CREB1 or anti‐H3K9Ac (CST, Danvers, Chicago, USA) and rabbit IgG was used as an internal control. Reverse‐crosslinked DNA was transferred to real‐time PCR analysis. Detailed information, including the primer sequences used for real‐time PCR, is listed in Supporting Information Table [S3](#sct312404-supitem-0004){ref-type="supplementary-material"}.

Dual Luciferase Reporter Assay {#sct312404-sec-0013}
------------------------------

The putative binding region of CREB1 in the human *HDAC8* promoter was amplified by PCR from genomic DNA and cloned downstream of the firefly luciferase gene (FL) in the pGL3‐basic luciferase reporter vector (Genecopoeia, Guangzhou, Guangdong, China). For luciferase reporter assays, 293T cells were co‐transfected with individual pGL3‐HDAC8 reporter plasmids and LeV‐CREB1 plasmids using lipofectamine 2000. At 48 hours post‐transfection, cells lysates were collected and assayed with a Dual‐Luciferase Assay kit (Promega, Madison, WI, USA) following the manufacturer\'s instructions. The pRL Renilla luciferase (RL) reporter was used for data normalization. Results are displayed as the ratio of FL/RL activity.

In Vivo Therapeutic Animal Model {#sct312404-sec-0014}
--------------------------------

All animal procedures were performed according to the guidelines of the Institutional Animal Care and Use Committee of Nanjing Medical University (IACUC 1601016). Approximately 5 × 10^6^ cells were attached to each HA/TCP biomaterial (Φ 6 × H 2 mm, Sichuan University, Chengdu, Sichuan, China). After 12 hours, the complexes were implanted subcutaneously into the backs of 7‐week‐old athymic nude mice (BALB/C, female, *n* = 6 per group, Vital River Laboratory Animal Technology Co. Beijing, China). The mice were allocated randomly into cages and were housed 4--5 animals per cage in standard cages at 25°C with unlimited rodent chow and water. To investigate the effects of *HDAC8*‐selective inhibition on the osteogenic differentiation of FD BMSCs in vivo, the mice were randomly assigned to receive either vehicle control or PCI‐34051 (20 mg/kg per day; Selleck, Houston, TX, USA). PCI‐34051 was dissolved in 5% DMSO (Sigma) and 95% PBS and was administered via i.p. injection daily, 5 days/week for 2 weeks. Eight weeks after implantation, samples were harvested for histologic staining. Quantification of bone matrix in the sections stained with H&E and Masson trichrome was performed with ImageJ software. The results were expressed as a percentage of mineralized volume fraction (bone volume/total volume, BV/TV). For the quantification of immunohistochemistry, the total integral optical density was examined by ImageJ and then divided by the total measurement area. Finally, the results were shown as average optical density.

Statistical Analysis {#sct312404-sec-0015}
--------------------

All data examined are expressed as the mean ± SEM. All in vitro experiments were repeated independently at least three times. The statistical significance between groups was calculated using Student\'s *t* test. *p*‐value \< .05 (two sided) was considered significant.

Results {#sct312404-sec-0016}
=======

Cytological Features of BMSCs from Craniofacial FD Lesions {#sct312404-sec-0017}
----------------------------------------------------------

The results of the *GNAS* mutation analysis are shown in Supporting Information Table [S4](#sct312404-supitem-0004){ref-type="supplementary-material"}. A mutation in the Gsα codon of Arg201 was found in 34 of the 42 (81%) cases of FD, with a predilection for Arg‐to‐His (R201H) substitutions (25 cases, 74%) versus Arg‐to‐Cys (R201C) substitutions (nine cases, 26%). The representative radiologic examination, clinicopathological features, and *GNAS* mutations of craniofacial FD patients were showed in Supporting Information Figure [S1A](#sct312404-supitem-0001){ref-type="supplementary-material"}--[1C](#sct312404-supitem-0001){ref-type="supplementary-material"}. As the histological results, BMSCs from FD lesions carried the specific *GNAS* mutations (Supporting Information Fig. [S1D](#sct312404-supitem-0001){ref-type="supplementary-material"}). No obvious morphologic differences between FD BMSCs and normal BMSCs were observed (Supporting Information Fig. [S1E](#sct312404-supitem-0001){ref-type="supplementary-material"}). However, FD BMSCs exhibited stronger proliferation ability and weaker apoptosis relative to BMSCs (Fig. [1](#sct312404-fig-0001){ref-type="fig"}A--[1](#sct312404-fig-0001){ref-type="fig"}C). Next, we investigated the osteogenic potential of FD BMSCs and observed that the expression of osteogenic markers and calcification were downregulated in FD BMSCs during osteogenic induction (Fig. [1](#sct312404-fig-0001){ref-type="fig"}D--[1](#sct312404-fig-0001){ref-type="fig"}F). The ELISA assays indicated that cAMP levels of FD BMSCs were significantly enhanced compared with normal BMSCs (Fig. [1](#sct312404-fig-0001){ref-type="fig"}G). To investigate whether *HDAC8* is associated with the impaired osteogenesis of FD BMSCs, *HDAC8* expression in FD tissue and FD BMSCs was examined. Increased *HDAC8* expression was found in FD histological sections (Fig. [1](#sct312404-fig-0001){ref-type="fig"}H). There was significantly higher *HDAC8* expression in FD BMSCs than in control cells (Fig. [1](#sct312404-fig-0001){ref-type="fig"}I, [1](#sct312404-fig-0001){ref-type="fig"}J) and no obvious increased expression of other HDACs was detected (Supporting Information Fig. [S1F](#sct312404-supitem-0001){ref-type="supplementary-material"}). As expected, phosphorylated CREB1 (p‐CREB1) was also highly expressed in FD BMSCs (Fig. [1](#sct312404-fig-0001){ref-type="fig"}J). The localization of *HDAC8*, visualized by immunofluorescence, was consistent with these results (Fig. [1](#sct312404-fig-0001){ref-type="fig"}K). In addition, the expression of *TP53*, an important factor that regulates cellular apoptosis, was detected (Fig. [1](#sct312404-fig-0001){ref-type="fig"}I--[1](#sct312404-fig-0001){ref-type="fig"}K). Furthermore, there was significantly lower H3K9Ac expression in FD BMSCs than in normal BMSCs (Fig. [1](#sct312404-fig-0001){ref-type="fig"}L). These results indicate that *HDAC8* and H3K9Ac may participate in the regulation of the osteogenic differentiation of FD BMSCs, and the ability to suppress apoptosis is likely related to *TP53* downregulation.

![Biological characteristics of FD BMSCs. **(A):** Representative BrdU incorporation in FD BMSCs. Scale bar, 100 μm. **(B):** Apoptotic assays showed the apoptosis of FD BMSCs. **(C):** The protein expression of cleaved PARP and cleaved Caspase3 was lower in FD BMSCs than that in normal BMSCs. Relative protein levels were quantified as the ratio of the level of cleaved PARP to the level of PARP (cleaved Caspase3 to total Caspase3). All the other gray values were normalized to β‐actin. **(D):** Real‐time PCR analysis of osteogenesis marker mRNA expression in FD BMSCs after osteogenic induction for 7 days. **(E):** Western blot analysis of osteogenesis markers of FD BMSCs cultured with osteogenesis induction medium for 7 days. **(F):** After 14 days osteogenic induction, Alizarin Red staining showed decreased deposition of calcium in FD BMSCs. **(G):** cAMP levels in FD BMSCs and control cells were analyzed by ELISA. **(H)**: Immunohistochemistry of *HDAC8* in the tissues from normal jaw and FD lesion. Scale bar, 200 μm. **(I)**: Real‐time PCR was used to detect *HDAC8* and *TP53* mRNA expression. **(J):** Western blot: *HDAC8*, TP53, p‐CREB1, and CREB1 protein levels. For the expression of p‐CREB1, relative protein levels were quantified as the ratio of the level of p‐CREB1 to the level of CREB1. All the other gray values were normalized to β‐actin. **(K):** Immunofluorescence of FD BMSCs exhibited increased HDAC8 expression and decreased *TP53* expression. ImageJ software was used for the quantification of mean fluorescence intensity of. Scale bar, 50 μm. **(L):** H3K9Ac protein level was detected by Western blot. Data are means ± SEM. ^\#^, *p* \> .05; \*, *p* \< .05; \*\*, *p* \< .01; \*\*\*, *p* \< .001. Abbreviations: *BGLAP*, bone gamma‐carboxyglutamic acid‐containing protein; BMSCs, bone marrow stromal cells; CREB1, cAMP‐response element binding protein 1; FD, fibrous dysplasia; H3, histone 3; H3K9Ac, acetylation of H3 at Lys9; *HDAC8*, histone deacetylase 8; p‐CREB1, phosphorylated CREB1; PARP, poly ADP‐ribose polymerase; *RUNX2*, runt‐related transcription factor 2; *SP7*, special protein 7; SPP1, secreted phosphoprotein 1; *TP53*, tumor protein 53.](SCT3-8-148-g001){#sct312404-fig-0001}

In Vitro, BMSCs Treated with Exogenous cAMP Show Similar Characteristics to FD BMSCs, and cAMP Inhibition Improves the Properties of FD BMSCs {#sct312404-sec-0018}
---------------------------------------------------------------------------------------------------------------------------------------------

Based on the above observations, we hypothesized that *HDAC8* upregulation and *TP53* downregulation may be mediated by high cAMP expression in FD BMSCs. Therefore, we used a cellular model to imitate the pathological process of FD BMSCs: normal BMSCs treated with exogenous cAMP. Dibutyryl cAMP (cAMP) remarkably increased intracellular cAMP expression (Supporting Information Fig. [S2A](#sct312404-supitem-0002){ref-type="supplementary-material"}). As the properties of FD BMSCs, *HDAC8*, and *TP53* expression in normal BMSCs treated with cAMP were significantly different with control (Fig. [2](#sct312404-fig-0002){ref-type="fig"}A, [2](#sct312404-fig-0002){ref-type="fig"}B). However, increased expression of other HDACs was less apparent than *HDAC8* (Supporting Information Fig. [S2B](#sct312404-supitem-0002){ref-type="supplementary-material"}). Importantly, BMSCs with ectopic cAMP expression exhibited similar properties to FD BMSCs (Fig. [2](#sct312404-fig-0002){ref-type="fig"}C--[2](#sct312404-fig-0002){ref-type="fig"}H). In addition, a previous research examined the inhibition of basal cAMP production by bupivacaine [29](#sct312404-bib-0029){ref-type="ref"}. In this study, the downregulation of basal cAMP production due to bupivacaine HCl (Bupivacaine) was presented in Supporting Information Figure [S2C](#sct312404-supitem-0002){ref-type="supplementary-material"}. We firstly evaluated the gene expression of *HDAC8* and *TP53* in two groups treated with either DMSO or Bupivacaine. Although reduce in the expression of other HDACs was less apparent than *HDAC8* (Supporting Information Fig. [S2D](#sct312404-supitem-0002){ref-type="supplementary-material"}), a larger decrease in the expression of *HDAC8* in Bupivacaine‐treated FD BMSCs was observed (Fig. [2](#sct312404-fig-0002){ref-type="fig"}I, [2](#sct312404-fig-0002){ref-type="fig"}J). Interestingly, as we detected opposing results for *TP53* expression, *TP53* levels were upregulated in response to Bupivacaine treatment (Fig. [2](#sct312404-fig-0002){ref-type="fig"}I, [2](#sct312404-fig-0002){ref-type="fig"}J). These results confirm that *HDAC8* and *TP53* are downstream genes of cAMP. To further investigate the role of cAMP downregulation in FD BMSCs, as illustrated in Figure [2](#sct312404-fig-0002){ref-type="fig"}K--[2](#sct312404-fig-0002){ref-type="fig"}P, these results suggest that the enhanced proliferation and impaired osteogenesis potential of FD BMSCs are able to be considerably recovered through cAMP inhibition.

![A cell model to imitate the pathological process of FD BMSCs and the recovery of FD BMSC properties following cAMP inhibition. The expression levels of *HDAC8* and *TP53* with BMSCs treated with 2 mM cAMP for 48 hours were determined by **(A)** real‐time PCR and **(B)** Western blot. **(C):** Representative images of BrdU‐positive cells in BMSCs treated with 2 mM cAMP for 12 hours. Scale bar, 100 μm. **(D):** Apoptosis assays showed that cAMP downregulated the number of apoptotic cells of BMSCs. **(E):** The expression of cleaved PARP and cleaved Caspase3 decreased in BMSCs treated with cAMP. The expression levels of osteogenesis markers decreased in BMSCs treated with 2 mM cAMP for 7 days by **(F)** real‐time PCR and **(G)** Western blot. **(H):** Alizarin Red staining was performed after 14 days osteogenic induction. Patterns of *HDAC8* and *TP53* mRNA expression in FD BMSCs treated with Bupivacaine (Bupivacaine HCl, 10 μM) for 48 hours were determined by **(I)** real‐time PCR and **(J)** Western blot. **(K):** The proliferation of FD BMSCs treated with Bupivacaine for 12 hours was analyzed in a BrdU assay. **(L):** Apoptotic analysis of FD BMSCs treated with Bupivacaine for 12 hours was performed by FACS. **(M):** The protein expression of cleaved PARP and cleaved Caspase3 was higher in FD BMSCs treated with Bupivacaine for 48 hours than that in the control. The osteogenesis markers of two groups cells cultured in osteogenic medium for 7 days were analyzed by **(N)** real‐time PCR and **(O)** Western blot. **(P):** The representative images of Alizarin Red staining were shown. All experiments were performed at least three times. ^\#^, *p* \> .05; \*, *p* \< .05; \*\*, *p* \< .01; \*\*\*, *p* \< .001. Abbreviations: *BGLAP*, bone gamma‐carboxyglutamic acid‐containing protein; BMSCs, bone marrow stromal cells; CREB1, cAMP‐response element binding protein 1; FD, fibrous dysplasia; HDAC8, histone deacetylase 8; p‐CREB1, phosphorylated CREB1; PARP, poly ADP‐ribose polymerase; *RUNX2*, runt‐related transcription factor 2; *SP7*, special protein 7; SPP1, secreted phosphoprotein 1; *TP53*, tumor protein 53.](SCT3-8-148-g002){#sct312404-fig-0002}

HDAC8 Inhibition or Knockdown Prevents the Pathological Characteristics of FD BMSCs {#sct312404-sec-0019}
-----------------------------------------------------------------------------------

To determine whether *HDAC8* directly regulates the properties of FD BMSCs, the specific *HDAC8* inhibitor PCI‐34051 was used to treat FD BMSCs to investigate changes in FD BMSCs following *HDAC8* downregulation. After the pretesting study, 15 μM was selected as the appropriate concentration of PCI‐34051 for treating FD BMSCs (Supporting Information Fig. [S3A](#sct312404-supitem-0003){ref-type="supplementary-material"}, [3B](#sct312404-supitem-0003){ref-type="supplementary-material"}). Prominently increased *TP53* expression was observed in FD BMSCs treated by PCI‐34051 with 15 μM for 48 hours (Fig. [3](#sct312404-fig-0003){ref-type="fig"}A, [3](#sct312404-fig-0003){ref-type="fig"}B) and the level of H3K9Ac was increased with use of PCI‐34051 (Fig. [3](#sct312404-fig-0003){ref-type="fig"}B). Diminished BrdU incorporation was detected in cells treated with PCI‐34051 for 12 hours compared with control cells (Fig. [3](#sct312404-fig-0003){ref-type="fig"}C). Furthermore, the population of apoptotic cells was significantly increased in FD BMSCs after *HDAC8* inhibition (Fig. [3](#sct312404-fig-0003){ref-type="fig"}D). The expression of cleaved PARP and cleaved Caspase3 was higher in FD BMSCs treated with PCI‐34051 for 48 hours than that in the control (Fig. [3](#sct312404-fig-0003){ref-type="fig"}E). FD BMSCs treated with PCI‐34051 exhibited increased expression of osteogenic markers and increased calcium deposition formation after osteogenic induction (Fig. [3](#sct312404-fig-0003){ref-type="fig"}F--[3](#sct312404-fig-0003){ref-type="fig"}H). In addition, to verify whether *HDAC8* mRNA silencing could modify the properties of FD BMSCs, an exogenous shHDAC8 expression lentivirus (LeV‐shHDAC8) was introduced into FD BMSCs. The LeV‐shHDAC8‐1 was selected for the subsequent research because of its highest efficiency in three LeV‐shHDAC8 sequences (Fig. [3](#sct312404-fig-0003){ref-type="fig"}I). First, *TP53* upregulation were observed in FD BMSCs transfected with LeV‐shHDAC8 (Fig. [3](#sct312404-fig-0003){ref-type="fig"}J). Second, transfection with LeV‐shHDAC8 remarkably ameliorated the biological characteristics and functions of FD BMSCs, corresponding to *HDAC8* inhibition (Fig. [3](#sct312404-fig-0003){ref-type="fig"}K--[3](#sct312404-fig-0003){ref-type="fig"}P). Therefore, we preliminarily consider that *HDAC8*, as the upstream gene of *TP53*, plays an important role in the abnormal phenotypes of FD BMSCs via H3K9Ac.

![*HDAC8* silencing by inhibition or transfection reversed the characteristics of FD BMSCs. **(A):** Real‐time PCR to detect TP53 mRNA expression in FD BMSCs treated with PCI‐34051 (15 μM) for 48 hours. **(B):** Western blot analysis of *HDAC8*, *TP53*, and H3K9Ac in FD BMSCs treated with PCI‐34051 for 48 hours compared with the control. **(C):** Cell proliferation was assessed in a BrdU assay. Scale bar, 100 μm. **(D):** Apoptotic analysis of FD BMSCs treated with *HDAC8* inhibitor for 12 hours. **(E):** FD BMSCs treated with PCI‐34051 for 48 hours exhibited higher expression of cleaved PARP and cleaved Caspase3 than that in the control. The levels of osteogenesis markers of two group cells induced for 7 days were analyzed by **(F)** real‐time PCR and **(G)** Western blot. **(H):** Alizarin Red staining showed that the PCI‐34051 treatment group formed more calcium deposition. The analysis of *HDAC8* and *TP53* expression in FD BMSCs with LeV‐shHDAC8 compared with the control (LeV‐scramble) was performed by **(I)** real‐time PCR and **(J)** Western blot. **(K):** BrdU incorporation assays were used to detect cell proliferation. Scale bar, 100 μm. **(L):** Greater numbers of apoptotic cells were observed in FD BMSCs transfected with LeV‐shHDAC8. **(M):** The protein expression of cleaved PARP and cleaved Caspase3 in FD BMSCs with LeV‐shHDAC8 was shown. Osteogenesis markers were analyzed by **(N)** real‐time PCR and **(O)** Western blot. **(P):** Alizarin Red staining. All experiments were performed at least three times. ^\#^, *p* \> .05; \*, *p* \< .05; \*\*, *p* \< .01; \*\*\*, *p* \< .001. Abbreviations: *BGLAP*, bone gamma‐carboxyglutamic acid‐containing protein; BMSCs, bone marrow stromal cells; FD, fibrous dysplasia; H3, histone 3; H3K9Ac, acetylation of H3 at Lys9; *HDAC8*, histone deacetylase 8; PARP, poly ADP‐ribose polymerase; RUNX2, runt‐related transcription factor 2; *SP7*, special protein 7; SPP1, secreted phosphoprotein 1; *TP53*, tumor protein 53.](SCT3-8-148-g003){#sct312404-fig-0003}

CREB1 Binds the CRE in HDAC8 Promoter to Enhance Its Transcription in FD BMSCs {#sct312404-sec-0020}
------------------------------------------------------------------------------

Our study has shown that the expression of *HDAC8* significantly decreased with the inhibition of cAMP production in FD BMSCs. In addition, exogenous cAMP could upregulate the expression of *HDAC8* in normal BMSCs as previously described. However, no evidence has yet been found for the detailed molecular mechanisms underlying the regulatory roles of CREB on *HDAC8*. Thus, we screened the *HDAC8* promoter region and observed that CREB1 might bind to five putative binding sites (CREs) in the region from −1,996 to −408 bp. To test the existence of cAMP‐CREB1‐HDAC8 axis, three CREB1‐targeting siRNA sequences were synthesized, and si‐CREB1‐1 was selected for the further research (Fig. [4](#sct312404-fig-0004){ref-type="fig"}A). Following CREB1‐targeting RNAi there was a significant reduction in *HDAC8* expression and an evident increase in *TP53* expression after CREB1 silencing (Fig. [4](#sct312404-fig-0004){ref-type="fig"}B, [4](#sct312404-fig-0004){ref-type="fig"}C).

![The specific mechanism by which cAMP promotes HDAC8 transcription in FD BMSCs. **(A):** The interference efficiency of three si‐CREB1 sequences was detected by real‐time PCR. **(B):** After si‐CREB1 interference for 48 hours, representative real‐time PCR analysis of *HDAC8* and *TP53* in FD BMSCs. **(C):** Western blot analysis of *HDAC8*, *TP53*, p‐CREB1, and CREB1 protein levels in FD BMSCs transfected with si‐CREB1 for 72 hours. **(D):** Five primers were designed to cover the human *HDAC8* promoter region and were used to identify CREB1 binding sites in a ChIP assay. Four putative CREB1 binding sites in the *HDAC8* promoter region were identified. **(E):** Luciferase reporter assays indicated that the luciferase activity was significantly increased in cells containing the reporters with binding site1 (−673 to −666 bp) or binding site3 (−1,484 to −1,477 bp) in *HDAC8* promoter region; the results showed no statistically significant increase of luciferase activity in the reporter with binding site4 (−1,858 to −1,851 bp) and binding site5 (−1,996 to −1,989 bp). **(F):** ChIP assays showed one putative CREB1 binding site in either *RUNX2* or *TP53* promoter region. **(G):** Six putative H3K9Ac binding sites in *RUNX2* and four putative H3K9Ac binding sites in *TP53* promoter region were identified by ChIP. *N* ≥ 3. ^\#^, *p* \> .05; \*, *p* \< .05; \*\*, *p* \< .01. Abbreviations: CREB1, cAMP‐response element binding protein 1; H3K9Ac, acetylation of H3 at Lys9; *HDAC8*, histone deacetylase 8; p‐CREB1, phosphorylated CREB1; si‐CREB1, small interfering RNA targeting CREB1; *TP53*, tumor protein 53.](SCT3-8-148-g004){#sct312404-fig-0004}

To confirm that CREB1 could physically bind to the promoter of *HDAC8* and promote its transcription in FD BMSCs, we performed ChIP assays with a specific anti‐CREB1 construct and five primers covering the *HDAC8* promoter region. Significant enrichment of CREB1 was observed at four putative binding sites in the *HDAC8* promoter region (Fig. [4](#sct312404-fig-0004){ref-type="fig"}D). To further verify the regulatory function of CREB1 binding in *HDAC8* transcription, we constructed *HDAC8* luciferase reporters that contained the four binding sites (vector1 containing site1, vector2 containing site3, and vector3 containing site4 and 5). These reporters were co‐transfected with the human CREB1 plasmid into 293T cells. Results from luciferase reporter assays indicated that the luciferase activity was significantly increased in cells with the reporters containing binding site 1 or 3, while the luciferase activity in cells containing the fourth and fifth binding site was comparable to that of the control (Fig. [4](#sct312404-fig-0004){ref-type="fig"}E). Collectively, these findings indicate that CREB1 promotes *HDAC8* transcription by directly binding to its promoter region in FD BMSCs.

Moreover, directly regulation of CREB1 to the promoter of *RUNX2* and *TP53* were also detected by ChIP assays (Fig. [4](#sct312404-fig-0004){ref-type="fig"}F). It suggested that CREB1 possibly promoted the transcription of *RUNX2* and *TP53* in FD BMSCs. Besides, the promoter region of both *RUNX2* and *TP53* contained H3K9Ac were reflected (Fig. [4](#sct312404-fig-0004){ref-type="fig"}G). Based on this, upregulated HDAC8 in FD BMSCs could induce a lower H3K9 acetylation level of promoter region of *RUNX2* and *TP53* and subsequently suppressed their expression. Compared to the activation of *RUNX2* and *TP53* mediated by CREB1, the inactivation of *RUNX2* and *TP53* caused by excessive *HDAC8* may be dominant in FD BMSCs.

HDAC8 Inhibition or Knockdown Enhances the Osteogenesis Potential of FD BMSCs In Vivo {#sct312404-sec-0021}
-------------------------------------------------------------------------------------

In light of the clear therapeutic potential of *HDAC8* inhibition, we examined ectopic bone formation in FD BMSCs treated with LeV‐scramble, LeV‐shHDAC8 and PCI‐34051 in nude mice. We implanted HA/TCP scaffolds loaded with FD BMSCs into intramuscular pockets in nude mice (Fig. [5](#sct312404-fig-0005){ref-type="fig"}A). Eight weeks after implantation, we harvested the specimens and subjected them to histological examination. The organized bone matrix was formed in the *HDAC8*‐knockdown group and the PCI‐treated group, whereas there was a significant amount of fibrous tissue in the negative control (Fig. [5](#sct312404-fig-0005){ref-type="fig"}B). FD BMSCs treated with *HDAC8* downregulation induced more ectopic bone formation compared to the control groups. Then, the immunohistochemistry for *RUNX2* and bone gamma‐carboxyglutamic acid‐containing protein (*BGLAP*) was performed to evaluate osteoblastic activity. FD BMSCs treated with *HDAC8* knockdown or inhibition exhibited increased *RUNX2* and *BGLAP* expression (Fig. [5](#sct312404-fig-0005){ref-type="fig"}C). Thus, *HDAC8* downregulation could enhance the osteogenesis of FD BMSCs in vivo.

![*HDAC8* inhibition or knockdown enhanced the osteogenesis potential of FD BMSCs in vivo. **(A):** HA/TCP scaffolds loaded with FD BMSCs were implanted into the intramuscular pockets of the backs of nude mice. Complexes from different groups were transplanted into both sides of the backs of nude mice. *N* = 6 per group. Eight weeks later, the complexes were harvested, decalcified, and embedded in paraffin and stained with H&E and Masson trichrome **(B)**, scale bar, 100 μm; and immunohistochemistry of RUNX2 and *BGLAP* **(C)**, Scale bar, 100 μm. b: bone; f: fibrotic tissue; red arrowhead indicated the positive staining. \*, *p* \< .05; \*\*, *p* \< .01. Abbreviations: AOD, average optical density; *BGLAP*, bone gamma‐carboxyglutamic acid‐containing protein; BMSCs, bone marrow stromal cells; BV, bone volume; FD, fibrous dysplasia; RUNX2, runt‐related transcription factor 2; TV, total volume.](SCT3-8-148-g005){#sct312404-fig-0005}

Discussion {#sct312404-sec-0022}
==========

FD is a stem cell disease of bone caused by activated *GNAS* mutations in BMSCs from FD lesions [30](#sct312404-bib-0030){ref-type="ref"}, [31](#sct312404-bib-0031){ref-type="ref"}. *GNAS* mutation leads to increased transcription of several early immediate genes, including c‐fos and c‐jun, which seem to play a critical role in the control of FD BMSCs proliferation, via a cAMP‐CREB pathway [22](#sct312404-bib-0022){ref-type="ref"}, [32](#sct312404-bib-0032){ref-type="ref"}. However, the detailed mechanism that these genes regulate FD BMSCs proliferation is unclear, interestingly, we found that the apoptotic potential of FD BMSCs was weaker than that of normal BMSCs and there was a significant downregulation of *TP53* expression in FD BMSCs. Therefore, enhanced proliferation and reduced apoptosis might be associated with a lack of *TP53*.

We recently reported that *HDAC8* suppressed osteogenic differentiation of BMSCs. Although HDAC1--8 have the inhibitory roles in osteoblast differentiation via modulating histone acetylation or interacting with RUNX2 [21](#sct312404-bib-0021){ref-type="ref"}, we found that, in this study, only *HDAC8* expression was aberrantly increased among the HDACs in FD BMSCs. Therefore, based on our previous study and current results, we infer that high expression of *HDAC8* with low expression of H3K9Ac leads to the impaired osteogenic potential of FD BMSCs. Furthermore, this inhibitory effect may be caused by epigenetic regulation of *RUNX2* via HDAC8‐mediated deacetylation of H3K9.

In addition, according to a previous report, *HDAC8* promotes proliferation and inhibits apoptosis and has been verified to suppress the production of *TP53* [25](#sct312404-bib-0025){ref-type="ref"}. Furthermore, we identified *HDAC8* as an inhibitory effector of *TP53* in FD BMSCs based on the following evidence. Significantly increased *TP53* expression was observed in FD BMSCs treated with an *HDAC8* inhibitor or following *HDAC8* knockdown. Thus, *HDAC8* overexpression may lead to *TP53* downregulation, resulting in the weaker apoptosis of FD BMSCs. The detailed regulatory mechanism exerted by *HDAC8* on *TP53* in FD BMSCs is not yet clear, but our results indicate that *HDAC8* possibly inhibits the expression of *TP53* by regulating the level of H3K9Ac in the promoter regions of *TP53*. Here, we are unable to rule out the inhibitory effects of cAMP on *TP53* [23](#sct312404-bib-0023){ref-type="ref"}, [33](#sct312404-bib-0033){ref-type="ref"}, but we have shown that *HDAC8* can partially inhibit the expression of *TP53*.

cAMP activation and phosphorylation of CREB in osteoblasts play important roles in skeletal development by regulating osteoblast differentiation [34](#sct312404-bib-0034){ref-type="ref"}, [35](#sct312404-bib-0035){ref-type="ref"}, [36](#sct312404-bib-0036){ref-type="ref"}. Additionally, CREB, acting as a potent trans‐activating factor, promotes gene transcription although p‐CREB binding to the promoter regions of target genes. However, previous studies have rarely examined the detailed effects of CREB on osteogenic differentiation or the impact of this transcription factor on FD BMSCs. To determine whether *HDAC8* is regulated by CREB, we firstly verified that *HDAC8* is the downstream effector of CREB. We further analyzed the promoter region of *HDAC8* and identified four putative binding sites of CREB1. Here, we proved the presence of cAMP‐CREB1‐HDAC8 axis, which is critically involved in the abnormal properties of FD BMSCs. However, given the complex roles of cAMP‐CREB signaling in diverse settings [9](#sct312404-bib-0009){ref-type="ref"}, [37](#sct312404-bib-0037){ref-type="ref"}, we are unable to rule out the possibility that other downstream mediators of cAMP‐CREB signaling in addition to *HDAC8* are involved. In the present study, we observed that CREB1 possibly promoted the transcription of *RUNX2* and *TP53* in FD BMSCs. Meanwhile, the promoter region of both *RUNX2* and *TP53* contained H3K9Ac was detected. Because of the low expression of H3K9Ac in FD BMSCs and increased H3K9Ac expression in FD BMSCs with *HDAC8* inhibitor treatment, we inferred *HDAC8* regulated expression of *RUNX2* and *TP53* via deacetylation of H3K9 in FD BMSCs. Compared to the activation of *RUNX2* and *TP53* mediated by CREB1, we thought that inactivation of *RUNX2* and *TP53* caused by *HDAC8* might be dominant in FD BMSCs. Interestingly, *HDAC8* resulted in decreased CREB activation and CREB mediated gene transcription in response to forskolin application [38](#sct312404-bib-0038){ref-type="ref"}. We attributed this phenomenon to two possible reasons: first, upregulated HDAC8 might have different effects on CREB in different cell types; second, forskolin application might not utterly reflect the pathological overproduction of cAMP in FD BMSCs. Although we could not negate completely for the inactivation of CREB mediated by upregulated *HDAC8*, compared to the inactivation of CREB mediated by HDAC8, the activation of CREB caused by excessive cAMP may be dominant in FD BMSCs based on our results.

To date, clinical medical treatments for FD are still mainly focused on relieving symptoms [4](#sct312404-bib-0004){ref-type="ref"}. The efficacy of antiresorptive agents such as bisphosphonates and denosumab is limited, and no studies have verified their apparent benefit from a long‐term follow‐up perspective [39](#sct312404-bib-0039){ref-type="ref"}, [40](#sct312404-bib-0040){ref-type="ref"}. In our report, several potential therapeutic interventions may be used to target the cAMP‐CREB1‐HDAC8 pathway, and HDAC8 may also be a potential and important therapeutic target. Recent evidence indicates that HDAC inhibition enhances cell differentiation in vivo [41](#sct312404-bib-0041){ref-type="ref"}, [42](#sct312404-bib-0042){ref-type="ref"}, [43](#sct312404-bib-0043){ref-type="ref"}, and more importantly HDAC8‐selective targeting has been identified to be effective in several diseases [44](#sct312404-bib-0044){ref-type="ref"}, [45](#sct312404-bib-0045){ref-type="ref"}. In this study, PCI‐34051, an HDAC8‐specific inhibitor [46](#sct312404-bib-0046){ref-type="ref"}, was used to study the role of HDAC8 intervention in nude mice implanted with FD BMSCs. Here, we verify the small‐molecule inhibition of HDAC8 as a novel and alternative therapeutic strategy that is preliminarily effective for improving the impaired differentiation potential of FD BMSCs in vivo. However, its application in clinical practice requires further study to clarify the value of HDAC8 as a novel therapeutic target in FD. This issue may be addressed by constructing a better animal model of FD [47](#sct312404-bib-0047){ref-type="ref"}, [48](#sct312404-bib-0048){ref-type="ref"}, [49](#sct312404-bib-0049){ref-type="ref"} and by examining the drug metabolism and pharmacokinetics of HDAC8‐specific inhibitors. Recent research appeared that a conditional tetracycline‐inducible animal model expressing the Gα~s~ ^R201C^ in the skeletal stem cell linage was established and represented FD‐like bone lesions [49](#sct312404-bib-0049){ref-type="ref"}. In the present study, we used HA/TCP scaffold as carrier of cells to perform vivo research, and the effectiveness of ectopic bone formation was revealed. HA/TCP scaffold, a kind of widely used bioceramic materials, is applied to bone and dental tissue engineering [50](#sct312404-bib-0050){ref-type="ref"}. The scaffold could provide suitable space for cellular attachment and homing [51](#sct312404-bib-0051){ref-type="ref"}. Duing to the similar chemical structures to bone and teeth, HA/TCP is appropriate for bone and dental grafting [52](#sct312404-bib-0052){ref-type="ref"}. However, there still have limitations to used HA/TCP scaffolds as models to reflect systemic condition of FD and further more appropriate animal models still needed.

In summary, our studies, taken together with these results, demonstrate for the first time that the cAMP‐CREB1‐HDAC8 axis is strongly associated with the disordered properties of FD BMSCs (Fig. [6](#sct312404-fig-0006){ref-type="fig"}). Furthermore, intervention of the cAMP‐CREB1‐HDAC8 pathway reverses the FD phenotype to some degree. Importantly, this study provides useful insights into the molecular pathogenesis of FD and the evaluation of novel therapeutic options for FD in vitro and in vivo.

![The cAMP‐CREB1‐HDAC8 axis in BMSCs from FD lesions. *GNAS* mutation leads to increased stimulation of AC and the overproduction of cAMP. In response to cAMP overproduction, phosphorylated CREB1 translocates into the nucleus and binds to the CRE of the *HDAC8* promoter to activate its transcription. Upregulation of *HDAC8* leads to enhanced proliferation and decreased osteogenesis caused by its inhibitory effects of the activation and transcription of *RUNX2* and the pro‐apoptotic ability of *TP53*. Abbreviations: AC, adenylyl cyclase; ATP, adenosine triphosphate; CREB1, cAMP‐response element binding protein 1; *GNAS*, guanine nucleotide‐binding protein alpha‐stimulating activity polypeptide; GPCR, guanosine‐binding protein coupled receptor; *HDAC8*, histone deacetylase 8; RUNX2, runt‐related transcription factor 2; *TP53*, tumor protein 53.](SCT3-8-148-g006){#sct312404-fig-0006}

Conclusion {#sct312404-sec-0023}
==========

The current study demonstrates that cAMP‐CREB1‐HDAC8 pathway participates in maintaining the pathological phenotype in FD BMSCs. Our study goes further to explore the therapeutic effect of PCI‐34051 (a small molecule inhibitor targeting *HDAC8*) in FD BMSCs. In this context, our results suggest that targeted modulation of *HDAC8* in FD BMSCs might be a potential therapeutic strategy for FD in vitro and in vivo. Continued pursuit of this pathway may be hopeful to provide a possible strategy for FD patients.
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**Figure S1.** Craniofacial fibrous dysplasia (FD). (A): Representative radiologic examination. FD lesions were observed in the maxillary bone, mandibular bone and both (white arrows). (B): Identification of R201H and R201C mutations by allele‐specific PCR and sequencing; black arrows indicated the mutation of a nucleotide in *GNAS* gene (R201H: G → A; R201C: C → T). (C): H&E staining of the normal mandibular bone and excised FD lesion; b, bone; f, fibrotic tissue. Scale bar, 500 μm. (D): Identification of R201H and R201C mutations from three samples of FD BMSCs; black arrows indicated the mutation of a nucleotide in *GNAS* gene (R201H: G → A; R201C: C → T). (E): There was no obvious morphologic difference between FD BMSCs and normal BMSCs. Scale bar, 200 μm. (F): Western blot analysis of the expression of other HDACs in BMSCs and FD BMSCs. None of other HDACs increase was observed in FD BMSCs. ^\#^, P \> .05; \*, P \< .05; \*\*, P \< .01. Abbreviations: BMSCs, bone marrow stromal cells; FD, fibrous dysplasia; *GNAS*, guanine nucleotide‐binding protein alpha‐stimulating activity polypeptide; HDAC, histone deacetylase; WT, wide‐type.
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###### 

**Figure S2.** (A): cAMP level of normal BMSCs was significantly increased after cAMP treatment. All the experiments were performed at least three times. (B): Western blot analysis of the expression of other HDACs in BMSCs treated with cAMP. (C): cAMP levels of FD BMSCs were significantly reduced after Bupivacaine treatment. (D): Western blot analysis of the expression of other HDACs in FD BMSCs treated with Bupivacaine. ^\#^, P \> .05; \*, P \< .05; \*\*, P \< .01. Abbreviations: BMSCs, bone marrow stromal cells; FD, fibrous dysplasia; HDAC, histone deacetylase.
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**Figure S3.** (A): Cell viability was analyzed following the addition of PCI‐34051 at concentrations ranging from 0 to 25 μM in CCK8 assay. (B): Western blot analysis of the expression of HDAC8 in FD BMSCs treated with PCI‐34051 at concentrations ranging from 0 to 25 μM for 48 hours. All the experiments were performed at least three times. ^\#^, P \> .05; \*, P \< .05. Abbreviations: HDAC, histone deacetylase.
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**Table S1.** The primary antibodies used in Western blot.

**Table S2.** Primer sequences used for real‐time PCR.

**Table S3.** Primer sequences used for ChIP assays.

**Table S4.** The clinical features and *GNAS* mutations in FD patients retrieved from the Hospital of Stomatology affiliated with Nanjing Medical University from 2005 to 2017. Formalin‐fixed, paraffin‐embedded tissues of the FD patients were obtained for mutational analysis.
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